Introduction
The metabotropic glutamate subtype 5 receptor (mGluR5) is a G-protein-coupled receptor that is predominantly expressed postsynaptically, and is located in several brain regions, including the striatum, hippocampus, amygdala, and cortex [1] . A PET radioligand for mGluR5 may be useful to assess its dysfunction in brain diseases and to develop new therapeutic drugs. Two PET radioligands for mGluR5 have been tested in humans: 11 C-ABP688 [2] and 18 F-SP203 [3] . Both are negative allosteric modulators; that is, they oppose the intracellular signaling cascade (phospholipase C and phosphoinositide hydrolysis) stimulated by glutamate but at a site on mGluR5 other than the binding site of glutamate itself.
Ametamey et al. [4] developed the first radioligand, 11 C-ABP688, used in human subjects, and demonstrated full quantification of brain uptake relative to serial concentrations of parent radioligand in arterial plasma [2] . Merck developed another ligand, [6] , and fully quantified its binding in human brain relative to serial concentrations of parent radioligand in arterial plasma [3] . Our ligand has several advantages compared to the previously reported ligands. First, the longer half-life of 18 F easily allows distribution of the ligand to other facilities. Second, 18 F-SP203 shows higher peak uptake in human brain than 11 C-ABP688. As a disadvantage of our ligand, a moderate amount of radioactivity accumulation in the skull has been seen at late time points in human brain imaging [3] . Radioactivity in the skull may reflect the presence of 18 F ion in bone and/or radioactivity (parent radioligand or other radiometabolites) in red marrow, because the skull contains both bone and red marrow.
The purposes of this study were to estimate the radiation-absorbed doses of 18 F-SP203 in humans and to determine from the peripheral distribution of radioactivity whether 18 F-SP203 undergoes defluorination. By studying the distribution of radioactivity in bone structures in the entire body with various compositions of bones and red marrow, relative accumulation of radioactivity in bone and red marrow can be estimated.
Materials and methods
Radioligand preparation 18 F-SP203 was prepared from the bromomethyl analog of SP203 and 18 F fluoride ion, as previously described [6] . The preparation is described in detail in our Investigational New Drug Application 78,260, a copy of which is available at http://pdsp.med.unc.edu/snidd/. For studies in humans, 18 F-SP203 had a radiochemical purity of >98% and specific activity at the time of injection of 101±89 GBq/μmol (n=4 preparations).
Subjects
Three female and four male healthy volunteers were enrolled (body weight 72.6±5.7 kg, age 25.2±5.3 years). All subjects were free of medical or neuropsychiatric illnesses on the basis of a history, physical examination, electrocardiogram, and standard blood and urine analyses, which included a complete blood count, serum chemistry, thyroid function test, urinalysis, urine drug screen, as well as syphilis, HIV, and hepatitis B screenings. Our use of 18 F-SP203 in human subjects was approved by the Radiation Safety Committee of the National Institutes of Health and the Institutional Review Board of the National Institute of Mental Health. This study was performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. All subjects gave their informed consent prior to their inclusion in the study.
PET scans
After intravenous injection of 18 F-SP203 (141±41 MBq), 2-D dynamic whole-body PET images were acquired on a GE Advance tomograph (GE Medical Systems, Waukesha, WI). We followed the procedure for image acquisition and reconstruction described previously by our group [7] . In brief, each subject was imaged in seven contiguous 15-cm bed positions (head to upper thigh) in 16 frames, each of increasing duration (15 s to 4 min) for a total scan time of 300 min. All PET images were reconstructed with ordered subset expectation maximization image reconstruction and were corrected for attenuation and scatter. Subjects had three rest periods (30 min each) outside the camera, beginning at approximately 120, 180, and 240 min after injection of the radioligand. Blood pressure, pulse rate, respiration rate, and an electrocardiogram were obtained before and 15, 30, 90, 120, and 180 min after the injection.
Image analysis
Brain, lungs, heart, liver, kidneys, gallbladder, urinary bladder, and skeleton were visually identifiable as source organs (Fig. 1) . Large regions were placed to encompass all accumulated radioactivity in each organ. For each organ, we chose the most visible frame to draw the region and applied it to the remaining frames. When organs showed an apparent movement from the place in the frame used to place the drawing on the regions, we manually moved the regions with the same shape to fit them to the organ in the new place.
In the skeleton, red marrow is primarily located in the ribs, vertebrae, and pelvis but not in the distal limbs [8, 9] . We found uptake in the bone structures that contain red marrow, but marrow-poor diaphyses of the tubular bones were not visible. Thus, all uptake in the skeleton was assumed to have derived from red marrow.
Regions were placed on the tomographic images in two ways based upon the amount of radioactivity and the visibility of the source organ. First, for organs with high uptake (brain, kidneys, liver, gallbladder, urinary bladder, and lumbar vertebrae), regions were drawn on each coronal slice in which the organ was visible. Second, for organs with low uptake (heart, spleen, and lungs), regions were drawn on summed slices to increase the contrast with surrounding tissue. To avoid contamination of activity in the left lung by activity in the heart, activity was measured only in the right lung and then multiplied by the ratio of the right lung mass to the total lung mass (1:1.87) [10] . Images were analyzed using PMOD 2.95 software (PMOD Technologies, Zurich, Switzerland).
Calculating residence times
The residence time in each source organ was calculated as the area under the curve of time-activity curve, which was created after removing decay correction and applying recovery correction. The area under the curve to the end of imaging was calculated by the trapezoidal method, and from the end to infinity was calculated by assuming that further decline in radioactivity occurred only by physical decay without any biological clearance. The area under the curve of the fraction of measured injected activity from time zero to infinity is equivalent to the residence time. The recovery correction was applied based on the activity of the first frame in the body above the thigh measured by PET, which was 98±3% of the injected activity measured using a dose calibrator. The time-activity curves were created with time information of the bed position in which the source organ was primarily included when the organ was not confined to a single bed position.
The residence time of all red marrow in the body was estimated from that of the lumbar vertebrae. A small proportion of radioactivity in the lumbar vertebrae may come from bone, but not from red marrow. To estimate radiationabsorbed doses in a conservative way, we assigned all radioactivity in the lumbar vertebrae to red marrow. Because the mass of red marrow in the lumbar vertebrae is 11.7% of the mass of all red marrow in the body [8, 9] , the residence time in red marrow in the entire body was calculated by multiplying that of the lumbar vertebrae by 100/11.7.
To calculate the residence time of the remainder of the body, the residence time of all source organs was summed and subtracted from the fixed theoretical value of T 1/2 /ln2, which equals 2.640 h for 18 F.
Urinary excretion
We used the dynamic urinary bladder model with a voiding interval of 2.4 h to calculate the residence time in the bladder [11] . Urine was collected for 17 to 21 h in four subjects and for 5 h in three subjects. The total activity in the urine was added to that measured in the urinary bladder in the PET scan to determine total radioactivity excreted after injection. The cumulative urine activity curve was decay-corrected and expressed as a fraction of injected activity. This curve from all subjects was fitted to a monoexponential and a biexponential function, and the function that identified parameters was chosen to estimate total radioactivity excreted at infinite time.
Estimation of absorbed radiation doses
Radiation absorbed doses were calculated based on the Medical Internal Radiation Dose scheme by entering the average residence time of seven subjects for each source organ into OLINDA 1.0/EXM software [12] for a 70-kg adult male.
Results
The injected activity of 18 F-SP203 was 141±41 MBq, which corresponds to 1.9±1.0 nmol SP203 (a total of seven injections in seven subjects). The injected dose of 18 F-SP203 caused no pharmacological effects during the 5-h scan, based on subject reports, ECG, blood pressure, pulse rate, and respiration rate. In addition, no effects were noted in any of the blood and urine tests acquired 7 to 24 h after radioligand injection. Fig. 1 Whole-body images of a healthy man at about 2, 100, and 280 min after injection of 18 F-SP203 (196 MBq). The images are decay-corrected and displayed using the same gray scale. All coronal slices of each time-point were summed to create the images Brain, heart, lungs, liver, spleen, gallbladder, kidneys, skeleton, and urinary bladder were visually identified on the images and treated as source organs of radioactivity for dosimetry calculations (Fig. 1) . The liver had the highest uptake, with a peak of 13% of injected activity at about 4 min. The peak uptakes in other organs were 11% in brain, 9.1% in kidneys, 4.7% in lungs, 3.4% in heart, and 1.9% in spleen, all of which occurred within 8 min of injection (Fig. 2) . Radioactivity slowly accumulated in the gallbladder (0.9%) and red marrow (14%), reaching an asymptote within 100 min (Fig. 2) .
Radioactivity in the images of the urinary bladder was combined with that directly measured in the urine and fitted to biexponential and monoexponential functions. Because the biexponential fit did not identify the parameters, the monoexponential function was used for the dosimetry calculation (Fig. 3) . This curve indicated that 33% of injected radioactivity was excreted via the urine at infinite time, with a biological half-life of 2.8 h. The amount of radioactivity excreted via the feces could not be determined from this imaging study that lasted for only 5 h. However, the gallbladder was clearly visible in all subjects and its radioactivity reached a maximum of 0.9% injected activity within about 100 min. The small intestine was not visualized, which may suggest that the radioactivity was reabsorbed via the enterohepatic circulation.
The organs with the longest residence time were the red marrow (0.307 h), brain (0.192 h), and liver (0.091 h). The source organs with lower residence times were the lungs (0.065 h), heart (0.024 h), gallbladder (0.018 h), and spleen (0.014 h) ( Table 1 ). Based on a 2.4-h interval for urinary voiding, the organs with the highest radiation doses were: urinary bladder wall (76.0 μSv/MBq), gallbladder wall (39.8 μSv/MBq), brain (34.5 μSv/MBq), and red marrow (30.9 μSv/MBq) ( Table 2 ). The effective dose was 17.8 μSv/MBq.
Discussion
Whole-body scans of 18 F-SP203 showed that radiation absorbed doses of 18 F-SP203 in humans were similar to those of other 18 F-labeled tracers. Based on the biodistribution data in human subjects, we estimated the radiation burden of 18 F-SP203 to have an effective dose of 17.8 μSv/ MBq, which would allow multiple scans in the same individual under two of the three major guidelines and at least one scan under more stringent guidelines. Although the dose to red marrow (30.9 μSv/MBq) from 18 F-SP203 was higher than that from other 18 F-labeled tracers, the effective doses were similar (Table 3) . Based on the distribution of radioactivity in bone structures with various levels of red marrow, the majority of activity in the human skeleton was in the red marrow rather than in bone itself, and 18 F-SP203 undergoes little defluorination in humans. Thus, the uptake in the skull, which we found in a previous study [3] , reflects primarily uptake in red marrow.
Effect of organ doses on maximal injected activity
Limits of radiation exposure in research subjects vary, and there are three commonly used guidelines in the world. First, the guidelines of the Radioactive Drug Research Committees operating in the USA under the auspices of the Food and Drug Administration have limits for both effective dose and dose to individual organs, whichever occurs first [13] . The dose limits for adults are 30 mSv per 18 F-SP203 binding to mGluR5 in brain [3] , the radiation absorbed doses reported in the current study allow multiple scans under two of the three guideline and at least one scan under the strictest guideline used in Europe.
The most important source of error in the estimation of the radiation absorbed doses could be the definition of volume of interest. In this study, we assumed that all uptake in the skeleton was derived from red marrow because only the bone structures that contain red marrow were visible on PET images. If there is a small activity in bone itself, the absorbed dose to red marrow and eventually the effective dose might be overestimated. However, possible overestimation is preferable to underestimation because overestimation would prevent giving too much activity of 18 F-SP203 to subjects.
Defluorination
The 18 F-fluoride ion resulting from systemic metabolism of radioligands accumulates in bone, and the uptake in the skull may spill into adjacent brain and artificially elevate measured radioactivity [15] . In our previous brain imaging study with 18 F-SP203, we found moderate uptake of radioactivity in the skull and interpreted it as the result of systemic metabolism and uptake of 18 F-fluoride ion into the bone of the skull [3] . However, in the current study, most of the radioactivity was in bone structures that contain red marrow and not in bones without red marrow. Thus, the uptake in the skull, which we found in the previous study, reflects uptake in primarily red marrow, and 18 F-SP203 undergoes little defluorination in humans.
We do not know the chemical identity of the radioactivity in the red marrow, but it could be 18 F-fluoride ion, as it is in bone. We have previously determined that 18 F-SP203 is defluorinated in rat brain, both in vitro and in vivo, via glutathione S-transferase [16] . The resulting 18 F-fluoride ion is trapped in the brain because of its negative charge. The activity and forms of glutathione S-transferase vary across species and within organs of the same species [17, 18] . Fortunately, monkey and human brains may contain negligible levels of glutathione S-transferase and do not generate 18 F-fluoride ion during in vitro incubation with 18 F-SP203 [6] . The cause of high radioactivity in red marrow is unknown. However, its chemical identity is not unmetabolized 18 F-SP203 but the radiometabolites. Our preliminary experiments in monkeys showed that radioactivity in red marrow was markedly decreased by 18 F labeling at different positions. 18 F-SP203 has the 18 F labeling at the alkyl position. Labeling at the aryl position instead of the alkyl position markedly decreased bone marrow activity. Thus, the radioactivity in red marrow is not from specific binding or nonspecific binding of 18 F-SP203, but from radiometabolites. Because aryl carbonfluorine bonds are generally more resistant to defluorination in vivo than alkyl carbon-fluorine bonds, we speculate that the 18 F-fluoride ion, which is generated by glutathione S-transferase in red marrow is trapped intracellularly leading to the higher absorbed dose in red marrow than that of other 18 F-labeled radioligands.
Conclusion 18 F-SP203 is an effective ligand for the imaging of mGluR5 and its effective dose in humans is typical of that of other 18 F-labeled radiotracers. 18 F-SP203 undergoes little defluorination in humans. Depending upon local guidelines for radiation exposure to research subjects, the high radiation burden to the red marrow may limit the amount of injectable radioactivity.
